Lithologic, macrostructural, microstructural, geophysical, and in situ gas permeability data from a natural exposure of highly porous, faulted and fractured tuffaceous sediments and interbedded ash-fall deposits near Bishop, California, are presented and analyzed in relation to published geologic information. This natural analog study was motivated by the need to evaluate potential length scales over which lateral fl ow diversion might occur above and within the nonwelded Paintbrush Tuff at Yucca Mountain, Nevada. Lateral diversion of fl ow in the overlying Paintbrush Tuff was previously proposed by others as a natural barrier that might protect a proposed high-level radioactive waste and spent nuclear fuel repository from percolating water. Because the length scale for capillary barrier breakthrough and leakage is decreased in the presence of subvertical structural heterogeneities, we characterized a horst-bounding fault, small-displacement normal faults within a footwall deformation zone, and secondary heterogeneities within two beds dissected by the faults. Critical deformation-related features that may infl uence fl uid fl ow within bedded tuffaceous sediments include (1) permeability anisotropy imposed by steeply dipping faults and stratigraphic layering; (2) fault zone widths and styles, which are dependent on bed thickness and ash, glass, and clay content; and (3) fracture intensities and overprinting mechanisms (associated with fault deformation and vertical and nonvertical fracture orientations), which strongly infl uence the hydrogeologic heterogeneity of units they dissect. Microstructural analysis reveals structurally induced porosity variations at the micrometer to millimeter scale, gas permeability data show the infl uence of deformation on permeability at the centimeter to tens of centimeters scale, and resistivity and ground-penetrating radar data show lateral variations on the meter to tens of meters scale in horizontally bedded layers. All together, these observations and data show heterogeneity over seven orders of magnitude of length scale. Structurally enhanced porosity and permeability heterogeneities will tend to limit the length scale of lateral fl ow diversion, redirect fl ow downward, and enhance vertical fl uid movement within the vadose zone.
INTRODUCTION
Integrated analyses of the lithology and structure of deformed porous, poorly consolidated to nonconsolidated rocks and sediments are important for understanding fl uid-fl ow processes and for characterizing permeability architecture within the shallow crust (e.g., Cashman and Cashman, 2000; Rawling and Goodwin, 2003; Dinwiddie et al., 2006; Cashman et al., 2007; Evans and Bradbury, 2007; McGinnis et al., 2009) . However, few studies of deformed, poorly consolidated deposits combine detailed outcrop mapping with quantitative measurements of hydrologic heterogeneity.
Predicting fl ow and mass transport through variably saturated deposits in the vadose zone involves a range of physical processes that depend on the texture and composition of the host lithologies, fl uid type, and saturation conditions, including (1) wetting/drying hysteresis of the saturation-capillary pressure relationship; (2) wetting-and nonwetting-phase interactions and interference (Persoff and Pruess, 1993) ; (3) chemical exchange between liquid and gas phases; (4) gas entrapment and residual wettingphase saturation; (5) wetting-front gravitational instability and fl ow fi ngering associated with primary heterogeneities in the geologic fabric (Hill and Parlange, 1972; Glass et al., 1988 Glass et al., , 1989a Glass et al., , 1989b Eliassi and Glass, 2002; Dinwiddie et al., 2011) ; (6) intra-unit fi ning or coarsening in the vertical direction; and (7) geologic layering, including the possible natural occurrence or geoengineered use of subhorizontal permeability or capillary barriers (Oldenburg and Pruess, 1993; Ho and Webb, 1998 ) that perch and laterally divert water.
Additional complexities are involved when estimating the spatial and temporal distribution of variably saturated localized preferential fl ow and mass transport through faulted and fractured deposits. Complicating factors include structurally superimposed secondary heterogeneities such as (1) variability in the distribution of macropores; (2) fracture density; (3) fault and fracture intersection geometry and density (Glass et al., 1995 (Glass et al., , 2003 Dragila and Weisbrod, 2004) ; (4) fracture apertures (Pruess and Tsang, 1990; Kwicklis et al., 1998) ; (5) fracture fi ll composition, geometry, and evolution (Dijk and Berkowitz, 1998; Pruess, 1999; Dahan et al., 1999 Dahan et al., , 2000 Salve and Oldenburg, 2001; Glass et al., 2002; Schleicher et al., 2009 ); (6) juxtaposition of lithostratigraphic units and/ or fault lenses with marked property contrasts; (7) structurally funneled fl ow (Ofoegbu et al., 2001) ; (8) fault-zone component interactions (i.e., fault-fracture, fault-matrix, fracturematrix, damage zone-matrix, and fault-damage zone; Caine et al., 1996) , which are usually simplifi ed in numerical models to active fracturematrix interaction (e.g., Liu et al., 1998; Salve et al., 2003) ; (9) variable fracture fl ow modes, such as intermittent liquid bridge formation and detachment (Su et al., 1999; Ghezzehei and Or, 2005) ; (10) rapid fi lm fl ow (Tokunaga and Wan, 1997; Tokunaga et al., 2000; Dragila and Wheatcraft, 2001; Dragila and Weisbrod, 2004) ; and (11) rivulet fl ow or droplet sliding (Ghezzehei, 2004) . These vadose zone heterogeneities and processes, which can be computationally burdensome to model, are important to environmental case studies such as transport of leached heavy metals, non-aqueous-phase liquids, and low-and high-level radioactive waste from tailings piles, leaky underground storage tanks, landfi lls, and geologic repositories.
High-intrinsic-permeability macropores and fractures that develop within fault deformation zones exhibit saturation-dependent intermittent behavior. High-intrinsic-permeability fault deformation zones, which can quickly transmit and drain water with percolation fl uxes on the order of 10 m/yr (Pruess, 2001) , act as coarse zones of subvertical capillary barriers (Glass and Nicholl, 1996; Pan et al., 2004) . When liquid water above a subhorizontal capillary barrier accumulates adjacent to a subvertical fault barrier to the point of saturation, water can break through either the horizontal capillary barrier below or leak into adjacent, permeable open fractures or macropores within the fault deformation zone. At a locally saturated stage, the fault deformation zone switches from a horizontal fl ow barrier to a vertically transmissive conduit, such as the combined conduit-barrier system described by Caine et al. (1996) . Instability-driven fl ow fi ngering, matrix and fracture heterogeneities that focus fl ow, and percolation fl uxes on the order of 10 m/yr observed near faults together suggest that a signifi cant volume of the unsaturated zone may be bypassed by the most rapidly moving water. Therefore, modeling highly localized and intermittent nonplug fl ow through unsaturated fractured rock or sediments in a volume-averaged manner is unlikely to adequately represent the nature of that fl ow (e.g., Pruess, 2001; Illman and Hughson, 2005) .
Our work is a natural analog study with the scope of assessing hydrogeologic heterogeneities, especially those secondary heterogeneities imparted by faults and fractures on the primary fabric of the porous and permeable geologic units they dissect. This work was motivated by the need to evaluate potential length scales over which lateral diversion of fl ow occurs (Ross, 1990; Wilson, 1996; Webb, 1997; Pan et al., 2004) above and within the nonwelded Paintbrush Tuff Manepally et al., 2007) , which lies stratigraphically above the proposed high-level radioactive waste repository host horizon at Yucca Mountain, Nevada, and which is associated with localized subhorizontal permeability and capillary barriers (Flint et al., 2001; Wu et al., 2002) . The nonwelded Paintbrush Tuff consists of three nonwelded ignimbrites intercalated with bedded ash-fall or reworked tuffs. The reader is referred to Manepally et al. (2007) and references therein for development of the analogy between our fi eld site and bedded tuffs of the nonwelded Paintbrush Tuff. The Paintbrush Tuff was previously proposed as a potential natural barrier against water percolation into the geologic repository (e.g., Wu et al., 2002; Pan et al., 2004) . Laterally diverted fl ow associated with nonwelded Paintbrush Tuff units will break through subhorizontal fl ow barriers in response to lateral heterogeneities, especially those produced by subvertical faults and related fracture systems that dissect the unit with regularity (Sweetkind et al., 1995; Barr et al., 1996; Engstrom and Rautman, 1996; Engstrom, 1996a, 1996b; Eatman et al., 1997; Ho and Webb, 1998; Fabryka-Martin et al., 1998a , 1998b Salve et al., 2003; Manepally et al., 2007) . As Manepally et al. (2007) reported, mean fault spacing in the nonwelded Paintbrush Tuff is 2.23 ± 2.14 m, and mean fault dip is 69° ± 14°.
We examined volcaniclastic deposits below the basal Bishop Tuff near Bishop, California, to enhance current understanding of structural controls on permeability heterogeneity within poorly lithifi ed, consolidated to unconsolidated sediments. At the Crucifi x natural analog site, we assessed the spatial occurrence and degree of structurally induced micro-to mesoscale lithologic, hydrogeophysical, and petrophysical heterogeneities, in view of their structural geologic context (Evans and Bradbury, 2004; McGinnis et al., 2009 ). These structures offset and locally deform alternating subhorizontal layers of thinly bedded tuffaceous sediments and ash-fall deposits. We examined lithologic variations at the micrometer to tens of meters scales; assessed degree of cementation, postdepositional crystallization, grain-size distribution, clay content, distribution of fracture systems, and geophysical signatures; and found important lateral variations in porosity and permeability.
Observations of structural deformation features over a wide range of scales provide a basis for understanding the effects of secondarily induced lithologic change to host-rock permeability. This integrated interdisciplinary research effort is important because relatively little work has been performed to study the infl uence of brittle deformation on the lateral distribution of hydrologic properties in poorly lithifi ed volcaniclastic rocks (cf. Ferrill et al., 2000; Evans and Bradbury, 2004; Dinwiddie et al., 2006; McGinnis et al., 2009) , and relatively few fi eld studies have been devoted to characterizing properties that affect water fl ow through faulted and fractured, porous and permeable deposits (Heynekamp et al., 1999; Sigda et al., 1999; Freifeld and Oldenburg, 2000; Salve and Oldenburg, 2001; Salve et al., 2003; Sigda and Wilson, 2003) .
OBJECTIVES AND MOTIVATION
Because the hydrologic properties of bedded tuffaceous sediments and ash-fall deposits are infl uenced by structurally induced secondary heterogeneities at several scales, we collected multiscale data from a horst-bounding normal fault, its footwall deformation zone, and the nonfaulted protolith just beyond the footwall deformation zone to assess the characteristics and distribution of deformation features as well as the potential infl uence they have on permeability. Field and laboratory results address lithology-dependent, deformation-induced heterogeneities and the potential controls they have on lateral fl ow diversion.
STUDY AREA
We examined and characterized the Crucifi x site (so named because a memorial is placed there where two young people lost their lives), located at 37°25′5.521″N, 100°25′38.968″W, which is an exposure of poorly lithifi ed, alternating layers of Glass Mountain-derived tuffaceous sediments and ash-fall deposits that underlie the basal Bishop Tuff in northern Owens Valley near Bishop, California (Fig. 1) . The Glass Mountain volcanic complex was a precursor to the Bishop Tuff eruption and represents the fi rst magma erupted from the Long Valley magma chamber (Metz and Mahood, 1985) . Glass Mountain eruptions occurred between 2.13 and 0.79 Ma, producing high-silica rhyolite lava deposits northeast of what is now the Long Valley caldera (Metz and Mahood, 1985) . Glass Mountain material was transported by Pleistocene-age glacial meltwater in the form of debris fl ows, hyperconcentrated fl ood fl ows (Smith, 1986) , and normal stream fl ows, redepositing tuffaceous sediments along the valley fl oor (Izett et al., 1988) . This fl uvial system fl owed sporadically and was highly variable in its fl ow regime ). Erosion and structural uplift subsequently isolated the Crucifi x site deposits as a localized topographic high .
Where the Owens River emerges from the Owens River Gorge at the southern distal extent of the 0.758 ± 0.0018 Ma (Sarna-Wojcicki et al., 2000) Bishop Tuff, the river turns sharply to the east across Owens Valley, eroding the Bishop Tuff and forming an east-west exposure known locally as Chalk Bluff. The Crucifi x site is located toward the east end of Chalk Bluff on Chalk Bluff Road (Fig. 1A) . At this exposure, the Bishop Tuff that once overlaid the Crucifi x site deposits has been eroded by the downcutting of the Owens River. River terrace deposits consisting of unconsolidated granite cobbles www.gsapubs.org | Volume 4 | Number 1 | LITHOSPHERE and gravel derived from the Sierra Nevada Mountains (Pinter et al., 1994) overlie the Crucifi x site (Figs. 1B, 2A, and 3).
PREVIOUS WORK
Previous work at the Crucifi x site has focused on chronostratigraphic, lithologic, chemical, and mineralogic descriptions of the exposed ash beds (Izett, 1981; Sarna-Wojcicki et al., 1984; Izett et al., 1988) , followed by characterization of fault geometry, displacements, and kinematics (Ferrill et al., 2000 Evans and Bradbury, 2004) , microstructural analysis and mineralogic studies of fault-zone deformation (Evans and Bradbury, 2004) , and stress history . McGinnis et al. (2009) , in particular, represents a companion piece to this study because they provided the detailed structural context for the in situ permeability data in this study, with near-simultaneous fi eld campaigns.
Depositional History
The Crucifi x site exposure consists of pumiceous and ash-rich tuffaceous sediments that exhibit varying degrees of fl uvial reworking, consistent with a dominantly turbulent suspension stream system fl owing into a slack-water basin or a shallow lake (B.E. Hill, 2004, personal commun.) . Interbedded in these units, there are a few thin, primary ash-fall deposits (Izett et al., 1988) , presumably erupted during a precaldera interval (pre-Bishop Tuff) 2.1 Ma to 790 ka. The 31-m-thick exposure (20 m above road grade and 11 m below road grade) consists of moderately to poorly sorted, fl uvially reworked ash and pumice beds (Evans and Bradbury, 2004) . These units are characterized by 20-to 60-cm-thick, poorly lithifi ed consolidated to unconsolidated, horizontal to subhorizontal beds that exhibit soft sediment deformation (including burrows, load casts, and root casts) and paleosols (B.E. Hill, 2004, personal commun.) . Beds are generally laterally continuous, but they occasionally pinch out or are dissected by small fl uvial channels. Although the mineralogic and chemical compositions of these beds are similar to the Bishop Tuff pumice-fall deposits, the Crucifi x site deposits are Glass Mountain ash-fall and sedimentary deposits derived from reworking of Glass Mountain tephra (Izett et al., 1988) . Prior to structural deformation, the layered sediments of the Crucifi x site would have constituted a fl ow divergence edifi ce (cf. Glass and Nicholl, 1996) at the mesoscale, potentially favorable for lateral fl ow diversion at bedding interfaces.
Structural Setting and Implications for Fluid Flow
Deformation features, such as tensile, shear, and hybrid faults and fractures, impart secondary heterogeneities to the fabric of the nondeformed protolith. Faults that form in poorly lithifi ed porous rocks may have zones of decreased pore size and reduced permeability with respect to the nondeformed host rock (e.g., Antonellini and Aydin, 1994) . These zones may result from cataclastic grain-size reduction and pore collapse in deformation bands (Heynekamp et al., 1999; Wilson et al., 2003) and from clay smear (Yielding et al., 1997) . Small-scale, permeability-reducing deformation features that cluster near larger faults may locally decrease fl ow in the fault zone by creating barriers to fl ow (Antonellini and Aydin, 1994; Odling et al., 2004) and thereby focus fl ow within the surrounding relatively nondeformed matrix. The evolution of deformation mechanisms while strain accumulates within a fault zone can cause a complex pattern of permeability structure, especially within heterogeneous sediments (Johansen et al., 2005) . Deformation observed at the Crucifi x site is a product of east-west extension . The exposure trends WNWto-ESE and ranges in height above road grade from <1 m at each end to ~20 m near its center. Small-displacement normal faults and both vertical and conjugate fractures are preserved in this 110-m-long cut bank exposure of tuffaceous sediments (Ferrill et al., 2000 McGinnis et al., 2009) . Faults have visible offsets of 1 mm to >4 m and include east-and west-dipping faults that intersect and crosscut each other ). The crossing conjugate style of faulting produces horst and graben structures (Ferrill et al., 2000 . McGinnis et al. (2009) observed that faults are absent from the majority of the exposure, but they are concentrated in two zones at the western and eastern ends near two oppositely dipping, horst-bounding normal faults separated by 78.5 m (Figs. 1B and 2 ). The horst-bounding faults account for 75% of the total fault extension in the exposure. These bounding faults correspond to the principal zones of maximum displacement, and the highest fault frequencies occur in the footwall of the western horstbounding fault (referred to as the Crucifi x fault in Evans and Bradbury [2004] and hereafter). McGinnis et al. (2009) showed that the poorly lithifi ed sequence at the Crucifi x site underwent shear, hybrid, and up to two episodes of tensile failure as evidenced by mode I (extension fractures), mode II (shear fractures with 45°-75° dips), and hybrid (mixed mode I-mode II conjugate faults and fractures with >75° dips) structures. Overprinting structural features such as these strongly infl uence fl uid pathways and produce permeability anisotropy in deformed strata. Ferrill et al. (2000 Ferrill et al. ( , 2009 described the ways in which crossing conjugate normal faulting and fracturing profoundly infl uence permeability anisotropy. Regardless of whether the faults have reduced or enhanced permeability, the maximum permeability direction in the deformed rock is parallel to the fault intersection line ; their fi g. 2; see also Pruess, 1998, their fi g. 12) . The faulted and fractured sediments of the Crucifi x site after structural deformation constitute a fl ow convergence edifi ce (cf. Glass and Nicholl, 1996) at the mesoscale, which limits the length scale of lateral fl ow diversion.
CHARACTERISTICS OF TUFFACEOUS SEDIMENTS

Field and Laboratory Methods
Building on previous fault and fracture characterization (Ferrill et al., 2000 Evans and Bradbury, 2004; McGinnis et al., 2009) , we used an integrated approach whereby lithologic, www.gsapubs.org | Volume 4 | Number 1 | LITHOSPHERE geophysical, and microstructural data were collected to provide additional context for permeability measurements within tuffaceous beds at the Crucifi x site. Grain-size analysis, compositional and microstructural thin-section studies, specifi c gravity measurements, and X-ray diffraction (XRD) analyses were conducted along two transects extending perpendicular to the Crucifi x fault eastward to 10.5 m into the footwall block (Fig. 3) . Gas permeability surveys were conducted along these same transects eastward to 16.5 m into the footwall block (Fig. 2B) . Finally, we calculated areal fracture density around each gas permeability test hole based upon circular fracture survey data that McGinnis et al. (2009) acquired. Lithologic and gas permeability data collection focused on two relatively well-consolidated beds (hereafter bed 1 and bed 2) that were selected for study because of their lateral consistency in thickness and texture. Bed 1, which is the ash bed called Glass Mountain-D by Izett (1981, p. 10,217) , is white to light gray, averages 12.5 cm thick, and is interpreted to be either a primary ash-fall deposit or a slack-water ash-fall deposit because it is massive and exhibits no internal bedding (B.E. Hill, 2004, personal commun.) . Bed 2 is greenish gray to yellowish-greenish gray, averages 18.8 cm thick, and is interpreted to be a reworked pumiceous tephra-fall deposit with possible development of a paleosol (B.E. Hill, 2004, personal commun.) . Lithologic and gas permeability data were also collected within the main trace of the Crucifi x fault and subsidiary fault zones.
Near-surface geophysical surveys using ground-penetrating radar and multielectrode resistivity were conducted along the surface of Chalk Bluff Road (at an orientation near-perpendicular to fault strike) to extend our site characterization into the subsurface, illuminate subsurface offsets on the two horst-bounding faults, and extend assessment of lateral heterogeneities to the tens of meters scale ( Fig. 2A) . Subsurface displacements on meter-scale faults may be estimated from vertical offsets of contoured patterns within resistivity data, but they commonly cannot be determined from radar data. Discontinuities in near-horizontal geologic bedding can be inferred from offset refl ectors in highlateral-resolution radargrams, but these same discontinuities are below the lateral resolution of resistivity data inversions. Used together, these two geophysical data types provide more information than either would alone. Precise knowledge of fault locations in the exposure enables us to determine the resistivity signature of faults with meter-scale displacements and the radar signature of bedding discontinuities, potentially attributable to (1) meter-scale displacements, (2) small fl uvial channels known to dissect some beds within the exposure, or (3) bedding pinch-outs. Variation of electrical resistivity within a relatively homogeneous geologic bed in the vadose zone is commonly related to moisture content, with low-resistivity (high-conductivity) zones generally related to greater moisture content in otherwise uniform rock or sediment (Roberts and Lin, 1997; Roberts, 2002) . Multiphase fl uid saturation may be inferred from the spatially variable electrical resistivity and radar attenuation of rocks or sediments. Water causes attenuation at radar frequencies via both direct-current electrical conductivity and dielectric relaxations caused by adsorbed and bulk liquid water (e.g., Stillman and Olhoeft, 2008) . Also, radar refl ections can be caused by moisture content variability because liquid water has an order-of-magnitude higher dielectric permittivity than dry rock or sediment (e.g., Parkhomenko, 1971) .
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With the exception of these geophysical methods, the methods we employed at the Crucifi x site and summarize next were also used and described in previous studies (Evans and Bradbury, 2004; Dinwiddie et al., 2006; McGinnis et al., 2009) to which the reader is referred for additional detail, if desired.
Geologic Mapping and Fracture Data
To assess lithologic and structural relationships within the tuffaceous sediments and ashfall deposits and to correlate these relationships with locations where in situ permeability data were collected, 1:25 scale outcrop mapping was completed within beds 1 and 2 in the footwall block of the Crucifi x fault (Fig. 3) . The Crucifi x fault trace represents the datum for detailed mapping, with transect lines oriented perpendicular to the main trace of the fault and extending 10.5 m to the east into the footwall block. Mapping at the centimeter scale highlights several of the features presented in McGinnis et al. (2009) and delineates variations in lithologic properties that may infl uence permeability.
Areal fracture density (cm/cm 2 ) data provide information about the intensity and distribution of fracturing throughout the exposure. Areal fracture densities for more than 3000 vertical and conjugate fractures were calculated by dividing total fracture trace length within a 25-cm-diameter circle centered on each permeability test hole by measurement area within the 25-cmdiameter circle. A circle was selected as the most appropriate two-dimensional shape from which to measure fractures that may intersect the averaging volume of the permeability measurement (cf. Molz et al., 2003) . Permeability test holes were spaced approximately every 25 cm, so a 25-cm-diameter circle provided nearly complete coverage of fractures occurring within each bed, while minimizing the potential for fractures to be double-counted.
Geophysical Mapping
Resistivity surveys measure injected current through transmitting electrodes and potential difference between two receiving electrodes. Multielectrode resistivity profi ling along Chalk Bluff Road was performed using an IRIS Syscal Pro 10-channel resistivity meter. Two multielectrode resistivity surveys (dipole-dipole array using 1 m spacings and 96 electrodes) were collected ~1-2 m in front of the exposure-one survey, including that from the eastern horstbounding fault, was performed on 25 July 2006, and the other survey, including that from the Crucifi x fault, was performed on 4 June 2007. The two data sets were merged into a single profi le, and an inverse model of the combined resistivity data was run using RES2DINV to produce a detailed map of the electrical properties (i.e., current, voltage, and resistivity) of the subsurface (Loke and Barker, 1996; Loke, 2010) .
Ground-penetrating radar data were gathered along the same geophysical transect in 2006 and 2007 using a Sensors and Software pulseEKKO PRO geological ground-penetrating radar system with 400 V low-frequency transmitter and antennas or high-frequency transducers spanning the frequency range from 25 to 1000 MHz. We document the 200 MHz radargram with 10 cm lateral resolution and the 250 MHz radargram with 5 cm lateral resolution here. Radar wave velocity in the ground, calculated as 0.11 m/ns from a common midpoint survey and semblance analysis (consistent with the real part of the dielectric permittivity equaling ~7-the expected value for partially saturated rock), was used to convert two-way traveltime to depth. Ground-penetrating radar data were minimally processed with Ekko_view Deluxe version 1, release 4 software, including dewow fi ltering and SEC2 gaining. The geophysical data were topographically enhanced using elevation data measured along Chalk Bluff Road with a Trimble ® real-time kinematic differential global positioning system system.
Grain Size, Sorting, and Weight Percent Fines Analyses
Grain-size samples were collected from exposed material at the proximal end of permeability test holes in beds 1 and 2 and from locations within the fault core, which consisted of lenses of this bed material and clay gouge. Samples were collected for standard sieve analysis (cf. Boggs, 1995) to track centimeter-scale changes in lithologic properties throughout each bed, such as mean grain size, degree of sorting, and weight percent fi nes. Grain-size sampling of bed 1 extended from the Crucifi x fault to 10.5 m to the east, and 37 samples were collected. Bed 2 sampling extended from the Crucifi x fault to 10.25 m to the east, and 38 samples were collected. The total mass collected averaged 76 g per sample for bed 1 and 112 g per sample for bed 2, with the difference due primarily to bed 1 being generally thinner, more ash rich, and slightly more cohesive than bed 2.
Grain-size samples were dry sieved and hand shaken to (1) reduce disruption of the ash particles; (2) avoid abrasion of the pumice fragments by overshaking (a method selected to preserve delicate volcaniclastics); and (3) include the low-density pumice and glass shards and fi ne-grained fraction that might have otherwise separated out of the fi nes using liquid settling methods. Standard granulometry methods (e.g., Balsillie et al., 2002) were used to analyze grain size and formulate cumulative probability curves. Weight percent fi nes data were also calculated from the original grain size data. We selected a cutoff grain size of 0.0625 mm (or 4ϕ, where the grain size measure ϕ = -log 2 [d/d 0 ] and d 0 = 1 mm) for the weight percent of fi nes of the total sample because it represents the upper size limit for ash deposits that Fisher (1961 Fisher ( , 1966 defi ned for pyroclastic sequences. Thus, the weight percent of fi nes is a proxy for ash content.
Microstructural Analyses
Thin-section preparation of friable sediments and poorly lithifi ed rock is challenging, and the methods we used are described in Evans and Bradbury (2004, Appendix) . Microstructural analyses were performed on thin sections using a standard transmitted-light petrographic microscope to evaluate textural and compositional variations between deformed and relatively undeformed samples. Fifteen samples for thin sections were collected from beds 1 and 2, and 13 samples were collected from the Crucifi x fault core or subsidiary faults within the footwall deformation zone. All samples were impregnated with blue-dyed epoxy and examined using standard optical petrography techniques; ten of these samples were collected during a previous study by Evans and Bradbury (2004) . Samples collected from deformed sediments were examined to identify specifi c deformation features and deduce the potential infl uence of microstructural features on porosity and permeability.
www.gsapubs.org | Volume 4 | Number 1 | LITHOSPHERE Twelve thin sections (grain mounts) were analyzed using a modifi ed point-count method (cf. Schmid, 1981; Boggs, 1992) to express the relative lithologic and mineralogic composition. Individual counts were made every 0.5 mm to form a 150-point grid over the slide area. The composition was recorded at each point with subcategories designated for crystals and crystal fragments (predominately quartz and feldspar), pumice and glassy fragments, lithics, fi ne-grained matrix, and alteration products that include iron oxides, carbonates, and zeolites. Individual point counts were recorded as a percentage of the total count. To compare weight percent fi nes obtained from grain-size analyses to thin-section point count data, we used the total percentage of fi ne-grained matrix from point counting as an analog to the weight percent fi nes.
Compositional Analyses
Very fi ne-grained particles and alteration products, including abundant glassy material within the reworked tuffaceous sediments, are diffi cult to identify at the thin-section scale. Therefore, as a supplemental technique, we use XRD analyses to determine mineralogical composition of whole-rock samples. Representative samples were collected within beds 1 and 2 and from the Crucifi x fault and subsidiary faults. Twenty-one whole-rock powdered samples were analyzed using a Norelco model 12045 (Philips Electronic Instruments) system running at 35 kV, 15 mA with copper anode tubing from 2° to 60° using 2° step angles. This work expands on previous compositional analyses of Crucifi x site samples by Evans and Bradbury (2004) .
Porosity and Density Analyses
We used a specifi c gravity measurement technique based upon Archimedes' principle and the assumption that the solid constituents had mineral and glass fractions equivalent to those reported by Hildreth (1979) and Wilson and Hildreth (1998) for the nonwelded Bishop Tuff (see Evans and Bradbury [2004, Appendix] for additional detail). We used a modifi ed jolly balance and the specifi c gravity technique to calculate total porosity of two representative whole-rock samples from bed 1, three samples from bed 2, and four samples from the Crucifi x fault core.
Small Drill-Hole Minipermeameter Survey
We used a small drill-hole minipermea meter probe Dinwiddie, 2005) to measure the gas permeability of the deposits. Dinwiddie et al. (2006) used the same approach to assess permeability heterogeneity within a fault zone in the nonwelded basal Bishop Tuff. Use of this in situ method (1) eliminates the need to extract fragile samples for laboratory analysis and (2) minimizes effects of weathering on the measured permeability value by sampling rock that is not directly exposed to the atmosphere (we cannot be certain we are sampling nonweathered material, however). The small drill-hole minipermeameter probe is inserted into a 10-cm-long, 1.8-cm-diameter hole until the faceplate contacts the conical end of the drill hole. An annular rubber tip seal packer is then axially compressed, causing the seal to radially expand like a packer against the sides of the drill hole. The packer seals the probe to the distal end of the drill hole while isolating the injection zone through which pressurized nitrogen gas is introduced to the porous medium. Pressure within the sealed-off region is maintained above atmospheric, so that nitrogen gas enters the porous medium, fl ows around the tip seal packer, and exits to the surface at ambient pressure. After steady-state conditions are achieved, several pressure and fl ow-rate data pairs are recorded. The pressure transducer and three fl ow meters were each calibrated to National Institute of Standards and Technology-traceable standards at the beginning and end of fi eld campaigns. In the event of instrument drift, calibration curves were used to correct pressure or fl ow-rate data. A portable, homogeneous ceramic check source was also used to calibrate the small drill-hole minipermeameter system daily in the fi eld. Pressure and fl ow-rate data pairs from each location were analyzed for the presence of high-velocity fl ow effects, and corrections were made if warranted. In the arid, windy environment of the Crucifi x site exposure, water saturation is naturally low; thus, the use of effective gas permeability data as a surrogate for intrinsic permeability is thought to be appropriate (i.e., the relative permeability for a gas is approximately unity).
The effective gas permeability of the porous medium surrounding the drill hole was calculated with a semi-analytical inverse solution Dinwiddie, 2005) given the measured injection pressure and fl ow rate, a numerically determined geometrical factor describing the fl ow system, and the standard assumption of local homogeneity within the averaging volume. The complete permeability data set for the Crucifi x site was collected over three fi eld campaigns. Initially, the permeability sampling intervals were ~0.5 m, and the survey terminated at a distance of ~10.5 m from the Crucifi x fault, but measurement density was ultimately increased to a sampling interval of ~0.25 m, and the survey line was extended to a distance of 16.5 m. Permeability test holes were drilled approximately perpendicular to the local outcrop face. Permeability was determined for (1) 67 locations in bed 1, including three fault locations; (2) 76 locations in bed 2, including three fault locations; and (3) four locations in the Crucifi x fault core. Unlike Dinwiddie et al. (2006) , we were unable to measure permeability of the nondeformed host rock because vertical, mode I fractures are present throughout the exposure , which infl uence the secondary permeability of the measured volume.
Permeability and grain-size data are sparse in the 2 m of the footwall immediately adjacent to the Crucifi x fault and near a crossing conjugate fault system (Fig. 3) . Most of the strain was localized here, which theoretically should strongly affect the fl ow fi eld and fl uid rock interactions. These areas experienced more intense deformation than the rest of the exposure (Ferrill et al., 2000 , which likely weakened the rock and accelerated weathering. Poor rock quality in some locations prevented an adequate tip seal around the minipermeameter, thereby limiting data acquisition. Data scarcity near the crossing conjugate faults was not attributable to tip seal issues, but was instead a result of conjugate fault dilation, which allowed very small widths of the target beds to descend into the larger opening (Fig. 3) -there is less target bed width than total measured transect width as a result.
RESULTS
Fault and Fracture Summary
The Crucifi x fault is a north-south-striking, west-dipping normal fault with 3.77 m of fault-parallel displacement , and it is characterized by a 20-cm-thick central core consisting of volcaniclastic sediments and clay gouge. The central fault core is multilayered and bounded by two discrete 1-to 3-mm-thick slip surfaces coated with white calcite and/or clay (Fig. 4) . The fault core thickness is variable, ranging from 1.5 to 30 cm vertically (Evans and Bradbury, 2004) . Cataclasis and clay smearing processes have contributed to an anastomosing, comminuted, fi ne-grained fault gouge surrounding multiple continuous to discontinuous lenses of hostrock material and/or clay gouge that were locally dragged up to 1 m or entrained in the fault zone parallel to the slip direction (Fig. 4) . The Crucifi x fault core is heterogeneous and variably fi lled with calcite, coated with clay, or consists of fi ne-grained gouge mixed with glassy fragments or pumice clasts.
Deformation is pervasive throughout the domain between the Crucifi x fault and the www.gsapubs.org | Volume 4 | Number 1 | LITHOSPHERE parallel fault 4 m to the east, and it includes abundant small-displacement conjugate normal faults and an 8° bedding dip to the west (Figs. 3 and 4; Ferrill et al., 2009 ). Little deformation is observed west and east of this pair of faults (Evans and Bradbury, 2004; Ferrill et al., 2009; McGinnis et al., 2009 ), and we interpret the synthetically west-dipping panel between these west-dipping faults (Fig. 3) as a relay ramp (Ferrill et al., 1999 (Ferrill et al., , 2005 Ferrill and Morris, 2001) . Similar relay ramps are abundant in the moderately welded Bishop Tuff across the Volcanic Tableland surface, where they are exposed in three dimensions (Ferrill et al., 1999; Ferrill and Morris, 2001) . The footwall of the Crucifi x fault exhibits a nonuniform fault and fracture distribution , their fi gs. 8A and 8B), extending eastward ~10 m, through the relay ramp and into the footwall. Of the 47 faults measured along a scan line within the footwall block of the Crucifi x fault (Fig. 2B) , 25 surfaces were mapped within a 2-m-wide zone immediately east and adjacent to the Crucifi x fault trace (Fig. 3) . The Crucifi x fault footwall damage zone is characterized by small-displacement antithetic, synthetic, and en echelon faults that are moderately to steeply dipping (Evans and Bradbury, 2004; McGinnis et al., 2009) . Beds adjacent to these smaller faults are offset by numerous centimeter-scale slip surfaces. Mineralization surfaces up to several millimeters thick composed of calcite and/or silica are observed along some of the smaller slip surfaces (Evans and Bradbury, 2004) . Associated fractures are typically open with 1-5 mm mechanical apertures and vertical to steeply east or west dipping. The hanging wall, however, has no associated faults and only centimeter-scale subvertical fractures immediately west of the fault .
The geometry of faults at the Crucifi x site, including local fault core thickness, is dependent on the scale of displacement and the grain size and competence of the beds through which the faults cut (e.g., McGinnis et al., 2009, their fi g. 5) . The intrinsic permeability of the fault core(s) is expected to be low as a result of (1) mineralization processes, (2) grain comminution and pore collapse in coarse-grained material, and (3) neomineralized clay growth and clay smear processes in fi ne-grained material.
Two distinctive fracture patterns are observed at the Crucifi x site: (1) vertical fractures dominate the less-deformed areas of the exposure and (2) oppositely dipping, steep but nonvertical conjugate fractures dominate in highly faulted areas ). The greatest concentration of conjugate fractures occurs (1) in a highly faulted section between the Crucifi x fault at 0 m and 10 m into the footwall and (2) in a nonfaulted section located 14.5-16.5 m east of the Crucifi x fault (Fig. 5) . The areal fracture density data also show that pervasive conjugate fracture systems associated with the Crucifi x fault extend into the footwall block for ~6 m, with minor variation dependent on the bed lithology. Beyond this distance, conjugate fracturing tapers off signifi cantly, and vertical fractures dominate. McGinnis et al. (2009) showed that the Crucifi x site has a history of deformation that includes cataclastic shear deformation, extension fracturing, variations in fault-zone architecture-controlled small-displacement faults and fractures near larger-displacement faults, and overprinting of different failure modes and deformation mechanisms. Overprinting associated with episodic (or cyclic) deformation can cause the temporal evolution of permeability characteristics (Johansen et al., 2005) . The stratigraphy and structural context of two lithologically distinct beds and locations where permeability, grain size, and fracture data were collected are highlighted in Figure 3 . Also shown are fault traces from McGinnis et al. (2009) with offsets ranging from 2 cm to several meters and with fault core thicknesses ranging from <1 cm to 30 cm. Lithologic properties for beds 1 and 2 and fault systems are summarized in Table 1 .
Mesoscale Heterogeneity Insights from Geophysical Data
Our geophysical results are sensitive to the prevailing moisture status of the geologic units, and although our data were not all collected during the same year, it is likely that we sampled similar summer-season moisture conditions during both fi eld campaigns. Mean annual precipitation in Bishop, California, is 135 mm, and only 8% of annual precipitation on average is accumulated during summer months June through August (Western Regional Climate Center, 2011). In July 2006, we collected 96 m of 25-200 MHz radar data spanning the horst (e.g., Fig. 2A radargram) and 96 m of multielectrode resistivity data spanning the eastern horst-bounding fault (Fig. 6) . In June 2007, we collected 117 m of 250-1000 MHz radar data spanning the horst (e.g., Fig. 6 radargram) and 96 m of multielectrode resistivity data spanning the western horst-bounding (Crucifi x) fault (Fig. 6) . The two resistivity data sets, which had 3 m of electrode overlap from 37.4 to 40.4 m along the merged profi le, were inverted with a small region subject to interpolation (Fig. 6 ). The year 2006 was average in terms of total precipitation, and 2007 had less than average precipitation, totaling only 47 mm. July 2006 was a relatively wet month (6.6 mm precipitation) during a record-breaking heat wave and monsoon season, preceded by two dry months in May (2 mm) and June (1.5 mm). No precipitation was recorded in either May or June 2007, with March being very dry (0.8 mm) and April (4.3 mm) being relatively wet (Western Regional Climate Center, 2011) .
Multielectrode resistivity data were collected at this site in two sections separated in time by ~10.5 mo. The dynamic range of the two data sets is similar (Fig. 6 ): both data sets were collected from an arid site during the driest season, and most of the precipitation that fell during July 2006 should have been lost to evaporation and runoff rather than have transitioned to net infi ltration. This suggests that the data are useful for understanding relative electrical heterogeneities across both surveys. While the resistivity signature of the Crucifi x site will fl uctuate with respect to recharge events, the most signifi cant recharge events typically occur during the winter season. Radar signal attenuation patterns from 2006 and 2007 that are consistent with expected direct-current conductivity losses also support the interpretation that the jointly inverted resistivity profi le is representative of an average dry season condition.
Resistivity data indicate the near-surface geology of the Crucifi x Site is horizontally layered, but vertically offset contouring patterns illustrate complex lateral heterogeneity (Fig. 6) . Purple-to yellow-colored zones indicate resistivity values from 800 to 1500 ohm-m and are interpreted to represent relatively dry regions associated with larger grain sizes, macropores, and high-intrinsic-permeability fault zone deformation, including secondary open-fracture porosity. Blue-to green-colored zones range from 0 to 799 ohm-m and are interpreted to represent relatively moist zones associated with smaller grain sizes where intrinsic permeability is low but relative permeability to water is high. The geophysical transect on Chalk Bluff Road was curved such that the transect distance between the two horst-bounding faults was 81 m (not to be confused with the true separation distance between these faults of 78.5 m). Large-scale lateral resistivity symmetry across this horst is evident despite data collection having taken place during two years with mildly different precipitation histories. High-resistivity zones occur in the footwall between the Crucifi x fault and the parallel crossing conjugate fault, and between the parallel crossing conjugate fault and the smalldisplacement fault located ~10 m along the geophysics transect, especially at elevations from 1284-1281 m (Fig. 6) . Above this level, at an elevation between 1285 and 1284 m, there is a very broad, laterally continuous conductive unit that nearly extends to 60 m along transect. This conductive zone signifi cantly attenuates the radar signal such that few features are observed below this level in radargrams.
Geologic units immediately surrounding the eastern bounding fault, except at the very near surface, are conductive to an elevation of 1283 m (Fig. 6) . However, west of the eastern horstbounding fault, there is a very broad zone from 50 to 80 m along transect where moderately high to high resistivities dominate (Fig. 6) . The highest resistivities in this broad zone are laterally congruous with bedding disruptions in radargrams (Fig. 5 ). Also consistent with the moderately high to high resistivities of this zone are the deepest radar signal penetrations at the site.
Grain Size, Sorting, and Weight Percent Fines
Grain-size data provide information about depositional and deformational processes at the centimeter scale. The data are highly skewed toward smaller grain sizes (Fig. 7A) ; therefore, the geometric mean is the appropriate measure of central tendency for this parameter. On average, the primary or slackwater deposited ash-fall material of bed 1 has a 0.15 mm grain size, while the reworked pumiceous tephra of bed 2 has a 0.40 mm grain size. Excursions from average behavior that tend to occur at similar distances from the western horst-bounding fault are attributed to a combination of the random occurrence of large pumice clasts and the potentially nonrandom occurrence of more agglutinated particles near the Crucifi x fault. The particles from this location remained strongly agglutinated upon hand-shaking and sieving, which may indicate www.gsapubs.org | Volume 4 | Number 1 | LITHOSPHERE cementation related to fl uid fl ow of mineralized water. Average standard deviation values for both beds indicate the deposits are poorly sorted, with bed 1 being more poorly sorted than bed 2 (Fig. 7B) , as is expected when comparing an immature primary deposit with a reworked (homogenized) deposit.
A measure of the weight percent fi nes was calculated for each sample as a proxy for ash content, comminution processes, and/or clay alteration (Fig. 7C) . As expected, weight percent fi nes decrease with increasing mean grain size (Fig. 7D) . The fi nes or ash contents of beds 1 and 2 (Table 1) are consistent with their interpreted lithology and maturity. The weight percent fi nes within the fault rocks (Table 1, CFa and CFb) represent the percentage of fi negrained material (clay-size fraction) that is, to some extent, a result of cataclasis and associated grain comminution during slip along the fault.
Petrophysical Observations
Thin-section analyses, XRD techniques, and specifi c gravity measurements were used to characterize the tuffaceous sediments at the Crucifi x site. Glass (shards and pumice fragments), quartz, feldspars, and sanidine are the primary constituents of all outcrop samples (Table 1) , with minor amounts of lithic fragments (predominately pumice) and alteration products. Amorphous silica and iron oxides are the primary fi llings and coatings along fracture surfaces, with calcite coatings observed locally along the main Crucifi x fault and subsidiary faults. The modal content of thin sections, based on petrologic point-count observations, is given in Table 2 . Because many units at the Crucifi x site are reworked, and our efforts focus on the hydrologic properties of these materials, the mineralogic or textural subdivision of this geologic material (Table 2 ) was modifi ed from the standard classifi cation schemes for pyroclastic deposits and fragments (% crystals, % glass, % lithics) as Schmid (1981) recommended. The average composition of samples from bed 1 (e.g., Fig. 8A ) is 22% crystals, 13% glass or pumice, <1% lithics, <5% iron oxides and alteration products, and 60% fi ne-grained matrix (ash and glass), whereas the average composition of samples from bed 2 (e.g., Fig. 8B ) is 32% crystals, 20% glass or pumice, 10% lithics, and 37% fi ne-grained matrix (Table 1) . These results are consistent with the weight percent fi nes determined for each bed through grain-size analysis (Fig. 7C) . Crucifi x fault core samples consist of, on average, 11% crystals, 14% glass or pumice, 2% lithics, 70% fi ne-grained material, and 3% miscellaneous constituents, such as calcite (Table 1) . Slip surface samples from a 0.095-m-displacement fault located ~9.65 m along the transect (see Fig. 3 ) consist of 20% crystals, 26% glass or pumice, 2% lithics, and 51% fi ne-grained matrix (Table 1) . Identifi cation of minerals within the fi negrained material by point counting was difficult because of the fuzzy texture imparted by the abundance of altered glass shards in the samples. XRD techniques were used to identify clays or other alteration products within the matrix material and fi ne-grained fault gouge. Quartz, amorphous silica, glass, feldspars, tridymite, cristobolite, and mica are the primary constituents of these sediments. The presence of quartz-tridymite-cristobolite-feldspar assemblages suggests some devitrifi cation and alteration of glassy constituents in the sampled beds and more so within the fault zones (Vaniman et al., 2001; Evans and Bradbury, 2004) . Minor to trace amounts of aluminosilicates, iron oxides, calcite, and amorphous aluminum hydroxides were also observed. Clay minerals identifi ed in several samples include kaolinite and illite. Trace amounts of hydrated aluminosilicates and zeolites (analcime, clinoptilolite, laumontite) were found in a few samples and are likely the result of the initial stages of glass alteration.
Photomicrographs of textural and structural deformation elements (Figs. 8-12 ) further convey their characteristics and potential infl uence on permeability architecture. Blue-dyed epoxy was injected into the samples to impregnate pores and show microporosity in thin sections. Material from bed 1, collected ~5.2 m east of the Crucifi x fault (as shown in Fig. 3) , consists of delicate glass shards and quartz within a fi negrained glass-and clay-rich matrix (Fig. 8A) . Trace amounts of kaolinite and iron-oxide alteration are evident from XRD analysis. A felty to fuzzy texture is observed with magnifi cation, which may indicate partial devitrifi cation. Injection of blue epoxy into this sample shows microfractures, which have the potential to control fl ow within this thin and porous ash layer. The blue epoxy did not impregnate (fully fi ll) the microfracture but rather focused around the outer edges of the fracture, impregnating the surrounding matrix. Material from bed 2, collected ~9 m east of the Crucifi x fault (as shown in Fig. 3) , shows a fi amma, or fl ameshaped structure, the relict of a devitrifi ed collapsed pumice clast (Fig. 8B) . Alteration of glass within this clast and the brownish hue of the matrix also suggest clay transformation processes. The dark-brown coating around several individual grains indicates the alteration of glass and formation of clay rims. Material composition is volcanic glass, quartz, feldspars, ash, and clay. Bed 2 is coarser than bed 1 and contains less ash.
Photomicrographs of fault samples collected in the Crucifi x fault footwall block at ~9.65 m (as shown in Fig. 3 ) illustrate features and deformation mechanisms (Fig. 9 ) associated with a complex history of deformation-a cyclic history that should yield heterogeneous permeability architecture. For example, the development of overgrowth textures, thought to occur through diffusive mass transfer, is observed (Fig. 9A) . Overgrowth textures can locally reduce porosity. In the same thin section, however, dilation mechanisms are observed, with blue epoxy fi lling pore spaces of both the matrix and a fracture. The presence of the clay mineral kaolinite (Fig. 9B ) suggests hydration and alteration of glass. Hydration is an important process because it may locally reduce porosity and permeability.
The intensity of microscale deformation features increases in samples collected nearer to the Crucifi x fault. A sample from a fault surface near the eastern conjugate fault (~4.9 m along the transect; Fig. 3 ) and in an intensely fractured region of the footwall damage zone shows iron oxide and clay in-fi lling a fracture within the fault zone (Fig. 10) . Kaolinite and the zeolite analcime were detected with XRD. Open microfractures oblique to the clay-fi lled fracture are evident by the presence of blue-dyed epoxy. Rounding of grains and development of clay rims surrounding the grains coupled with fi negrained comminuted material are observed as a result of cataclastic deformation and alteration associated with fl uid rock interactions.
Several core samples from the main Crucifi x fault illustrate compositional and textural variations both parallel and perpendicular to the fault trace (Figs. 11 and 12 ). Bounding slip surfaces transition to vertical layers of ash and sand, to mixed grain sizes, to a core that is composed of very-fi ne-grained comminuted material intermixed with lithic fragments and convoluted clay gouge (Fig. 12B) . Disaggregated grains are observed surrounding a fi ner phyllosilicate band in the easternmost layer in the fault core (Fig. 11) . The central core exhibits the fi nest grain clay gouge and comminuted ash with micrometer-scale fractures (Fig. 12B) . Abundant crystal and glass fragments are found near the edge of the fault core (Fig. 11A) . Mineralized and open fractures are found throughout the edges of the core, and some fractures exhibit both characteristics (Figs. 11B and 12A ). Partial mineralization may affect the overall porosity and permeability of fracture systems. Fractures also commonly splay into several microfractures near their tips (Fig. 11B) .
XRD analysis suggests the presence of illite, kaolinite, amorphous silica (glass), quartz, sanidine, and trace zeolites. Irregular geometry, distribution, and discoloration of the clay core and surrounding comminuted material (Fig. 11C) are possible evidence that (1) the fault core was subject to at least minor fl uid intrusion contemporaneous with shear strain or (2) grain comminution led to capillary storage of fl uids along the slip surface. Lighter clay gouge immediately surrounding an open to partially mineralized fracture surface is further surrounded by a bleached rim and darker gouge. These features suggest a complex fault-zone evolution that involved multiple episodes of fl uid rock interactions. Overall, the lithological and petrophysical properties of the fault core vary both across-and along-fault at the micrometer scale.
Porosity and Gas Permeability
The sampled beds are highly porous, with bed 1 locally more porous than bed 2; conversely, samples from the Crucifi x fault and subsidiary faults yield a wider spectrum of values (Table 1) . Samples from poorly sorted and fi nesenriched bed 1 were more porous than samples from the reworked, more mature bed 2, which is a nonintuitive result that may refl ect the limited number of samples examined, or perhaps that disconnected pumiceous porosity in bed 1 is a signifi cant fraction of the total porosity value. For comparison, nonweathered volcanic tuff and ash typically have porosity ranging from 14% to 50% (weathering can increase this to greater than 60%; Fetter, 1994), and unconsolidated deposits of silt and clay exhibit porosities ranging from 35% to 50% (Davis, 1969) .
Permeability data from both beds are highly skewed toward lower values (Fig. 13) ; therefore, the geometric mean is the appropriate measure of central tendency for this parameter. On average, the primary or slack-water-deposited ashfall material of bed 1 exhibits a larger permeability value (342 mD) than the more homogeneous reworked pumiceous tephra of bed 2 (254 mD). The two populations exhibit essentially the same level of variability (arithmetic coeffi cient of variation for each bed is 1.20), and they both exhibit the presence of erratically large values (arithmetic coeffi cient of variation >1) at similar distances from the Crucifi x fault (Fig. 13) , suggesting that secondary heterogeneities in both beds are attributable to some combination of diagenetic and deformation processes between 0 and 10.5 m along the transects. Between 10.5 and 16.5 m, large permeability values (especially near 14 m along transect; Fig. 13 ) probably refl ect the intersection of test holes with vertical fractures connected to the exposure surface. If an important heterogeneity, such as an open fracture, spatially coincides with a heavily weighted portion of the fl ow system, its presence is manifested in the measured value. If an important heterogeneity does not coincide with the region of heavy weighting, its presence may go unnoticed (cf. Molz et al., 2003) .
Bed 1 is more poorly sorted (more heterogeneous) and has a smaller average grain size and greater weight percent fi nes compared to bed 2, yet bed 1 is also more porous and slightly more permeable. The higher average permeability value may be attributed to sintering of grains, observed in thin sections, in the bed 1 ash-fall deposit. Sintering can lead to more brittle deformation and the development of more intense fracturing and microfracturing. This interpretation is supported by higher fracture densities in bed 1 compared to bed 2 (Fig. 5) . The average permeability of the two lithologic beds, however, is not signifi cantly different.
The limited number of samples collected for laboratory analysis of specifi c gravity precludes, at this time, correlation of our permeability data with porosity-a technique others have shown (Istok et al., 1994; Rautman et al., 1995; to be particularly effective for estimating k in terms of porosity over the vertical thickness of a tuff sequence, given clear deterministic relationships in the vertical direction that result from compositional and textural differences as well as postdepositional alteration. Our motivation, however, is to understand the stochastic and secondarily induced lateral heterogeneity of hydrologic properties within individual nonwelded units, given the potential effect on the length scale of lateral fl ow in such units. There is probably little value in using porosity as a predictor for permeability in the lateral, fractured, intra-unit case. For example, the presence of microfractures has been shown to reduce any such correlation (cf. .
In comparison to permeability measured by Dinwiddie et al. (2006) for faulted nonwelded to sintered ignimbrite of the Bishop Tuff (Chalk Cove site), the permeability distribution for sediments at the Crucifi x site is more heterogeneous. The host-rock permeability for nonwelded ignimbrites of the Bishop Tuff averaged 120 mD, with a standard deviation of 5 mD (Dinwiddie et al., 2006) . Fault-zone deformation generally increased the heterogeneity of the pyroclastic deposits at the Chalk Cove site by less than a factor of fi ve, with all measurements being restricted to less than two orders of magnitude variation (Dinwiddie et al., 2006) . Note that the permeabilities of large-scale (i.e., ~20-m-long) open fractures at www.gsapubs.org | Volume 4 | Number 1 | LITHOSPHERE the Chalk Cove site were not measured by the minipermeametry method.
At the Crucifi x site, however, the lithology of the host sediment and the potential for multiple episodes of deformation combine to create permeability heterogeneities spanning more than three orders of magnitude; both smaller and larger values of permeability were measured at the Crucifi x site relative to the Chalk Cove site. Permeability ranges from 6 mD to nearly 4 D in bed 1, and from 15 mD to more than 3 D in bed 2 (Fig. 13) . Fewer permeability measurements were collected in the vicinity of the Crucifi x fault and its footwall damage zone due to the friable and highly weathered nature of the deformed beds in this area. Although sparse, higher than average permeability values were generally measured near the Crucifi x fault (i.e., between 0 and 6 m; Fig. 13 ). Beyond this footwall zone, there are approximately as many permeability values higher than the average as there are values lower than the average within bed 1, but values lower than the average dominate within bed 2. Intense deformation in the damage zone weakened the sediments and almost certainly led to higher matrix permeability values in highly fractured areas adjacent to slip surfaces and potentially to low permeability values trending perpendicular to the fault core where clay or clay transformation processes are present. Sparse data collected within various layers of the Crucifi x fault core (see Fig. 4B ) ranged between 114 and 933 mD, varying by less than one order of magnitude.
For these faulted and fractured granular porous media, we do not develop a formula that relates permeability (k) to grain-size (d) data, because poor sorting exhibited by the sampled units and their enhanced permeability associated with fracturing prohibit using phenomenological k = Cd 2 formulations. We do not develop a formula that relates permeability to fracture aperture because our measured permeability is neither strictly matrix permeability nor strictly fracture permeability; rather, it is matrix permeability variably infl uenced by the presence of local fractures.
Areal fracture density data are generally not well correlated with permeability data, perhaps because the fracture survey included all features within a 25-cm-diameter area centered around each test hole, including bounding beds to distances of several centimeters above and below beds 1 and 2, whereas permeability data were measured within beds 1 and 2 at the distal ends of 10-cm-deep test holes by an instrument with a very localized averaging volume and highly nonlinear weighting Dinwiddie, 2005) . One exception is observed in the positive correlation between permeability and areal fracture density data from bed 2 at locations infl uenced only by conjugate (and not vertical) fracturing, wherein 60% of the observed variation is explained by a linear regression (Fig. 14) . After eliminating the one datum in this series that was directly infl uenced by the presence of a fault, 80% of the observed variation is explained by a linear regression. It is also informative to observe zones of relatively high and low areal conjugate fracture density and permeability throughout the sampled exposure (Figs. 5 and 13 ). Had a <25-cm-diameter area been used to measure the occurrence of fractures, measured areal fracture densities would likely have decreased, perhaps decreasing more in some locations than others. The degree to which correlation between areal fracture density and permeability may have improved, however, is unclear and out of the scope of this analysis.
DISCUSSION
Lithologic and Structural Controls that Infl uence Permeability
Several features of the Crucifi x site illustrate the lithologic heterogeneity, exposure-scale symmetric to meter-scale asymmetric structural geometry, and hydrogeologic heterogeneity of poorly to nonlithifi ed sequences. The Crucifi x fault core composition varies both vertically and horizontally along the length and width of the slip surfaces. Hanging-wall deformation occurs west of the fault trace at the scan line and extends only centimeters to decimeters, whereas footwall deformation extends ~10 m east of the fault trace. In addition, the footwall damage zone width (defi ned here as the width over which conjugate areal fracture density is greater than zero) varies little between the two lithologically distinct beds (Fig. 5 ): for both beds 1 and 2, conjugate deformation features (faults and fractures) are present to ~6 m into the footwall with slight variations, excluding a very narrow damage zone in each bed associated with the small-displacement fault located at 9.65 m along the scan-line transect. We interpret the zone between the Crucifi x fault and the parallel conjugate fault as a section through a relay ramp. Relay ramps are usually zones of localized high strain and high permeability . This zone at the Crucifi x site coincides with maximum deformation by all the measures employed-bed tilt, fault density, areal conjugate fracture density, generally higher than average gas permeabilities, and higher than average subsurface resistivities.
Deformation style in an individual bed (Figs. 4 and 5 ) is related to a number of properties that include structural position, grain size, weight percent fi nes, ash content, and bed thickness. Bed 1 is entrained farther downdip into the Crucifi x fault zone than bed 2, probably because bed 1 has more ash and fi nes, is thinner, and has a greater potential for clay transformation and smear, which may facilitate its ductile incorporation into the fault zone-especially with the infl ux of fl uids during faulting. In less-deformed areas of the fault core, bed 1 demonstrates a brittle style of deformation with numerous short trace-length fractures that appear coated or mineralized in thin section (Fig. 11A) . Bed 1 may indeed be a primary ash-fall deposit rather than a slack-water deposit, because we observe the effects of sintering at the microscopic scale. Such features would likely alter relatively quickly in the presence of fl uids. Fine-grained material exhibits interlocking grain boundaries and has a fuzzy and indistinct quality when magnifi ed. In a nondeformed unit, sintering will reduce porosity; however, in a deformed unit, brittle failure along sintered grain boundaries may result in increased microfracturing, which may increase its secondary porosity and permeability. Immediately adjacent to the Crucifi x fault core, the coarser and relatively ash-poor bed 2 typically comprises the outer bounding layer and heavily mixed zones of the fault core. At increasing distances from the fault, bed 2 is characterized by open dilatant fractures that are mineralized with clay or iron oxides (Figs. 11B and 12) .
Capillary theory suggests that open subvertical fractures will hinder lateral fl ow under less than fully saturated conditions because capillary attraction is greater within the matrix than within open fractures. Filled subvertical fractures will function either as capillary or permeability barriers to constrain lateral fl ow, depending on the hydrologic properties of the fracture fi lling relative to those of the adjacent matrix.
The distribution and textural characteristics of structural deformation features may locally infl uence porosity and permeability variations within beds 1 and 2. For example, thin sections show that dilation and disaggregation bands (Du Bernard et al., 2002; Fossen et al., 2007) occur primarily within bed 2 (the reworked tephra-fall deposit). Dilation bands may locally increase porosity (observe blue epoxy highlighting a fracture surface in Fig. 12A ) and permeability (Fig. 14) ; however, these properties may also be controlled by local variations in grain size and structural position relative to the main or subsidiary faults (Fig. 7) . Dilation bands also occur in the white ash of bed 1; however, they are very narrow, and depending on the position and amount of clay transformation, they may locally and slightly increase or decrease permeability (Figs. 8A and 13 ). In the Crucifi x fault core, porosity and permeability vary (Table 1, www.gsapubs.org | Volume 4 | Number 1 | LITHOSPHERE CFa; Fig. 4B ) with grain-size and clay alteration (Figs. 11 and 12 ) as a result of multiple layers of intensely deformed, very fi ne-grained material occurring adjacent to lenses of less-deformed, poorly sorted material (Fig. 12) . Thin sections from the Crucifi x fault core (Fig. 12) illustrate zones of cataclastic deformation and porosity reduction that surround a damage zone of dilatant microfracturing, similar to the results of Main et al. (2001) .
Our results are consistent with several other studies (e.g., Cashman and Cashman, 2000; Du Bernard et al., 2002; Rawling and Goodwin, 2003; Cashman et al., 2007) , which have shown that in addition to brittle deformation mechanisms (such as cataclasis, dilation, and transgranular fracturing), poorly lithifi ed siliciclastic sediments also exhibit distributed deformation and deformation by ductile micromechanisms. The Crucifi x site is unique, however, when compared to recent studies of sandstones and other poorly consolidated deposits (Caine et al., 1996; Du Bernard et al., 2002; Rawling and Goodwin, 2003; Bense and Person, 2006) because its material composition includes abundant glassy fragments and ash. Physical analog modeling by Wolf (2003) has shown that less strain is required to develop shear bands in glass beads than in sand, and that grain size and bed thickness can infl uence the spacing and overall shape of shear bands. Differences in deformation characteristics observed between beds 1 and 2 may also be infl uenced by the local presence or absence of glassy fragments or ash.
Two localized zones of high resistivity occur within the subsurface footwall of the Crucifi x fault: (1) between the Crucifi x fault and the parallel crossing conjugate fault and (2) at the same elevation but between the conjugate fault and the small-displacement fault that is located ~10 m along the geophysics transect (Fig. 6 ). These data suggest that the zone of subsurface deformation is up to 10 m wide in the Crucifi x footwall, similar to observations above road level. When we combine knowledge of site geology (i.e., vertically layered, relatively homogeneous, laterally continuous, horizontal to subhorizontal beds are occasionally disrupted by faults, submeter-to meter-scale fl uvial channels, and rare pinch-outs) with these resistivity data, we interpret that these localized zones of high resistivity are locally drier, intrinsic permeability within the damage zones is high (such that they are capable of transmitting water and solutes rapidly downward in the form of fi lm or rivulet fl ow), and fl uid fl ow is laterally compartmentalized. Resistivity data suggest the damage zone immediately surrounding the eastern horst-bounding fault, except at the very near surface, is less extensive than that of the Crucifi x fault, that intrinsic permeability is lower, and that the narrow fault zone is more highly saturated, as are the units it dissects. One could infer that at this elevation that the Crucifi x fault acts as a subvertical capillary barrier, while the eastern horst-bounding fault acts as a subvertical permeability barrier.
East of the western horst-bounding (Crucifi x) fault, there is a very broad, 60-m-long, nearcontinuous, but vertically limited, electrically conductive unit at elevations between 1285 and 1284 m. This zone signifi cantly attenuates the radar signal such that few features are observed below this level in radargrams.
West of the eastern horst-bounding fault, there is a very broad zone of moderately high to high resistivities that dominates a region characterized in radar data by signifi cant bedding disruptions, some beds that are tilted by 3.2°, and deep signal penetration. The highest resistivities in this broad zone are laterally congruous with bedding disruptions. Bedding disruptions observed at the Crucifi x site exposure are attributed to three principal features: (1) rare pinch-outs of otherwise laterally continuous beds, (2) occasional submeter-to meter-scale fl uvial channels, and (3) faults. Knowledge of site geology combined with the relatively high resistivities and the signifi cant improvement in radar signal penetration depth within this broad zone suggest that these deposits are locally drier, that intrinsic permeability is relatively high, and that soil moisture may not be stagnant, especially where local deformation features induce secondary porosity and permeability on the protolith. While not interpreted in Figure 6 , bedding disruptions within this zone may represent faults that tip out in the subsurface within a broad footwall deformation zone associated with the eastern horst-bounding fault; however, similar deformation is not observed in the surface exposure above road level.
Structural deformation observed at the Crucifi x site is thought to overprint additional heterogeneities onto the primary permeability of the ash-fall (bed 1) and reworked tephra-fall (bed 2) units, thereby infl uencing permeability architecture (see Figs. 5, 13, and 14) . Locally, permeability variations are observed in both beds (Fig. 13) where small-displacement faults and conjugate fractures are clustered between the Crucifi x fault and the crossing conjugate faults (Figs. 4 and  5) . Cataclastic fault-zone deformation involves grain cracking and crushing, with grain-size and pore-volume reduction that may result in the development of low-permeability fault gouge. Water fl owing laterally above a capillary or permeability barrier in a gently sloping unit could be interrupted and focused downward along a steeply dipping fault, if the unit had been locally incorporated into the fault core. At a greater distance away from the main fault traces, open vertical fractures and open conjugate fractures should create more permeable beds together than would be exhibited by nondeformed host rock, although this cannot be objectively demonstrated given the lack of information about the permeability of the beds prior to their deformation. However, permeability increases are observed within bed 2 with increasing areal conjugate fracture density (Fig. 14) .
In the variably saturated vadose zone, the infl uence of localized low-and high-permeability elements on water movement depends on the state of saturation. Under locally saturated conditions, cataclastic fault gouge will behave as a barrier, while open fractures will behave as conduits. Under unsaturated conditions, water may wick into and be retained in fi ne-grained fault gouge, open fractures may behave as capillary barriers that cause water to be retained within the smaller pores of adjacent host rock, and fi lled fractures may behave as permeability barriers that prevent cross-block fl ow (Fedors et al., 2002) . The temporal and spatial evolution of a fault will infl uence the distribution and nature of fractures and the overall structural and permeability architecture of the fault zone. Microfractures may intermittently be open following their initial formation and prior to fl uid infi ltration, which may result in full to partial healing of fractures due to precipitation of carbonates, iron oxides, or clays. Subsequent deformation events may reopen or partially reopen fractures or reactivate zones of weakness that result from variations in composition and frictional properties.
Hydraulic anisotropy in siliciclastic fault zones at the millimeter to centimeter scale is expected to result from clay smearing, grain reorientation, bed drag, and vertical segmentation of the fault plane (mechanisms described by Bense and Person, 2006 )-we observed the end result of these mechanisms on fault fabric and electrical resistivity at the Crucifi x site. The Crucifi x fault core and the associated crossing conjugate normal faults in the footwall deformation zone should create permeability anisotropy at the centimeter to meter scale (Ferrill et al., 2000 Evans and Bradbury, 2004) . This type of fault system is expected to infl uence fl uid fl ow both laterally and vertically. Bed-parallel lateral fl uid movement should be restricted horizontally by faults behaving as fl ow barriers, whereas along-fault vertical fl uid movement should be focused downdip. Where conjugate faults are present, infl uences such as these may combine to enhance localized fl uid fl ow in a direction parallel to the intersection line of the faults .
Microscopic analyses indicate clay forms (1) as a function of diagenesis related to the alteration of glass and feldspars (Fig. 9A) and (2) as a result of ductile deformation along the faults (Figs. 11C and 12B) . The presence and distribution of clays within these beds and faults are important because recent work suggests that neomineralized clay growth or alteration may play a signifi cant role in the mechanical behavior of a fault (Schleicher et al., 2006 (Schleicher et al., , 2010 . The development of clays and discontinuous iron-oxide fi llings, the weathering of feldspars to fi ne-grained clays, and discoloration surrounding fractures are observed in several samples from the Crucifi x site (e.g., Fig. 12B ) and suggest the presence of fl uids and alteration processes during deformation. The glass content of ash-rich layers or lenses may contribute to the brittle deformation style observed at the Crucifi x site. The abundant volcanic ash within the primary or slack-water-deposited ash-fall and the reworked tephra-fall deposits may have behaved as a lubricant when hydrated (similar to the behavior of fl y ash as a concrete additive that initially assists with fl uidization and ultimately enhances strength; Muhunthan et al., 2004; Copeland, 2003) , leading to fl uidization of ashrich material within and bed drag into these fault zones. As water left the system, the volcanic ash may have chemically reacted with calcium and oxides to produce a less permeable and a relatively more cohesive material. In summary, the ash content of individual bedded tuff units will likely affect the nature of small-scale deformation features associated with subvertical faults that cut through the bedded units.
Implications for Fluid Flow
Hydrologic numerical models are often constructed using assumptions that stratigraphic contacts have smooth boundaries and exhibit sharp hydrologic property contrasts. Both of these assumptions promote lateral fl ow in numerical models . The photomosaic of bedded units at the Crucifi x site (Fig. 3) illustrates the undulatory nature of the stratigraphic surfaces, which are nonmonotonically continuous for 78.5 m, except where interrupted by fault offsets, small fl uvial channels, and occasional pinch-outs. The geometric mean permeabilities calculated for the two lithologically distinct, bedded units sampled at the Crucifi x site do not exhibit sharp contrasts; rather, the hydrologic property variations (attributed to structural deformation) within the individual beds are more remarkable (Fig. 13) . Steeply dipping or vertical fractures, whether open (a subvertical capillary barrier) or fi lled (a subvertical permeability barrier), will locally compartmentalize and promote vertical fl ow and thereby constrain lateral fl ow (Fedors et al., 2002) .
CONCLUSIONS
Analyses of tuffaceous sediments at the Crucifi x site underscore three classes of faultzone deformation features, originally observed by the authors in massive nonwelded ignimbrite units of the Bishop Tuff (Dinwiddie et al., 2006) , that may constrain lateral fl ow in unsaturated bedded tuffs: (1) cataclasis resulting in fi ne-grained fault gouge, (2) mappable open fractures, and (3) microfractures, microfaults, and grain rotation, resulting in additional connected porosity in matrix blocks adjacent the fault. The following additional features of lithology-dependent fault-zone deformation, which further our understanding of expected fl ow behavior for bedded tuffs, were recognized at the Crucifi x site:
(1) Clay smear, bed drag, and vertical segmentation create permeability anisotropy along the Crucifi x fault core. (2) Distributed damage in a probable relay ramp between two west-dipping normal faults adds additional heterogeneity. (3) Conjugate deformation features (faults and fractures) focus vertical movement of water downward and/or promote fl ow parallel to the intersection of structures and thus compartmentalize water between subvertical faults (causing signifi cant lateral electrical resistivity and radar signal attenuation heterogeneity, with implications for moisture content heterogeneity). (4) Small-scale deformation styles within matrix blocks are likely infl uenced by bed thickness, grain size, degree of clay alteration, glass and ash content, and sintering. (5) Deformation styles suggest brittle deformation behavior at the bed scale but relatively ductile deformation behavior at the microscopic scale. (6) Overprinting of vertical fractures with nonvertical fractures and conjugate-style faulting increases fracture permeability. (7) Geometric mean gas permeabilities of a primary ash-fall deposit and a reworked tuffaceous deposit are not signifi cantly different, but their identical arithmetic coeffi cients of variation indicate erratically large values attributable to the secondary permeability of open fractures. Deformation features associated with subvertical faults increase the heterogeneity of hydrologic properties in the lateral direction relative to an undeformed protolith. Heterogeneities like these will reduce the lateral continuity of capillary or permeability barriers and thus limit any redistribution of percolation that would result from lateral fl ow diversion (Ho and Webb, 1998) . In this study, we have shown that microstructural analysis reveals structurally induced porosity variations at the micrometer to millimeter scale, gas permeability data demonstrate the infl uence of deformation on intrinsic permeability at the centimeter to tens of centimeters scale, and geophysical data indicate lateral variations on the meter to tens of meters scale in subhorizontally bedded layers. Standard point measurement techniques spanning one or two orders of magnitude in averaging volume that are used to estimate hydrologic modeling parameters are not suffi cient to address questions about the potential for lateral fl ow disruption by structural deformation features. An integrated, multiscale approach is best adapted to reveal the potential effects of structural overprinting on fl uid fl ow. All together, our observations and data show heterogeneity over seven orders of magnitude of length scale. Structurally enhanced porosity and permeability heterogeneities (with k spanning three orders of magnitude) will tend to limit the length scale of lateral fl ow diversion, redirect fl ow downward, and enhance vertical fl uid movement within the vadose zone.
Detailed three-dimensional modeling of the nonwelded Paintbrush Tuff at the hundreds of meters scale-its lithologic properties, gradational contacts, slope interruptions and reversals, and small-displacement, fault-related deformation structures-would improve understanding of the potential length scale of lateral fl ow diversion within this hydrologic unit, the associated uncertainty, and the effects of this uncertainty. Small-displacement faults are known to cross all subunits of the nonwelded Paintbrush Tuff (e.g., Manepally et al., 2007) . Although localized lateral fl ow along capillary or permeability barriers is likely associated with some subunits, the pervasive presence of secondary structural heterogeneities similar to those examined in this analog study suggests that lateral fl ow within the unit is unlikely over distances greater than the average small-displacement fault spacing in each subunit. At a minimum, small faults spaced on the order of tens of meters or less (Ofoegbu et al., 2001; Fedors et al., 2002; Manepally et al., 2007) should induce local changes in matrix properties that, in turn, induce vertical fl ow (Waiting et al., 2001; Dinwiddie et al., 2006) .
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